The natural products kahalalide F, halichondrin B, and discodermolide are relatively large structures that were originally harvested from marine organisms. They are oxygen rich structures that, to varying degrees, should have the ability to bind iron (II or III) by Fe-O and/or Fe-N bonds. In this semi empirical study, the binding of these natural products to iron (II) is studied and the aqueous stability factor (ASF) is used to determine which bonding configuration is most stable. The energy, the complex charge (+1), the average Fe-O (or Fe-N) bond distances and the dipole moments are used to calculate the ASF. The ASF provides insight to which complex will be the most stable and water soluble, important for a medicinal application. The ability of a molecule with a more than six oxygen and/or nitrogen atoms to bind iron (hexavalent, octahedral) by shifting which six atoms (O/N) are bound to the iron qualifies it as a polarity adaptive molecule.
Introduction
Past work in this lab with marine natural products (MNPs) has focused on experimental aspects associated with the marine natural product bryostatin, which is extracted from the bryozoa, Bugula neritina, and the pharmaceutical agent ET743 (Yondelis TM ) extracted from the sea squirt, Ecteinascidia turbinate. It is accepted that symbiotic microbes produce bryostatin and that this OPEN ACCESS substance may play a role in the defense of the host organism and/or be a siderophore. Our geochemical studies helped understand the chemical environment under which the symbiotic microbes that produce the marine natural products can thrive. This work led us to develop an approach to producing marine natural products called pharmaceutical aquaculture which is centered on a device called bacterial amplification chambers (BACs). During these projects we found that bryostatin was often bound to iron when it was extracted from the marine environment. This led us to postulate that bryostatin's role in nature is that of the siderophore. Bryostatins structure features a bryophan ring lined by a number of oxygen atoms and suggests it has the ability to trap a cation, much like a siderophore or a crown ether. Our group has performed a number of semi-empirical computational studies aimed at determining if iron (III) or iron (II) could bind bryrostatin via an octahedral, hexavalent type geometry. This work was than extended to examining bryostatin analogs, some well known siderophores, some other natural products and taxol. From a pharmaceutical perspective, it was argued that iron binding to many of these natural products increased its water solubility, stabilized its structures and made the complex more rigid, perhaps allowing it to perform in a lock and key model more efficiently. In this computational study we are focused on the marine natural products kahalalide F, halichondrin B, and discodermolide.
Discodermolide ( Figure 1 ) is part of a class of anticancer drugs that target microtubules and has been shown to stimulate microtubule polymerization and stabilize microtubules at high concentrations similar to that of taxol [1, 2] . Discodermolide has better water solubility parameters and higher activity against some taxol-resistant cell lines. Discodermolide was first extracted from the deep-water, Caribbean sponge, Discodermia dissolute, in 1990 [3] . It has been tested in different in vivo and in vitro experiments and advanced to Phase I clinical trials [4] [5] [6] . A number of analogues of discodermolide have been synthesized, but maintain the carbon backbone [7] . Kahalalide F is a marine natural product that belongs to a family of compounds known as depsipeptides (see Figure 2 ) [8] [9] [10] [11] [12] [13] . It is most commonly obtained from the Hawaiian saltwater mollusk, Elysia rufescens [8] . Kahalalide F has also been isolated from the green algae, Bryopsis pennat, which is part of E. rufescens diet. This finding suggests that kahalalide F is a secondary metabolite derived from the mollusk's diet [9] . The structure of kahalalide F was first described by Hamann et al.; however, the stereochemistry of its more active form was later elucidated by Rinehart et al. [13] . Kahalalide F has been tested in multiple clinical trials and has been found effective against many human cancers, including prostate, breast, colon carcinomas, neuroblastoma, chondrosarcoma, osteosarcoma, non-small-cell lung cancer, liver cancer, and melanoma. It has been shown to attack tumor cells via multiple mechanisms including; disruption of lysosomal membranes, inhibition of transforming factor-α expression, blockage of epidermal growth factor signaling pathways, and induction of non-p53 mediated apoptosis. Kahalalide F has been in clinical trials including patients with androgen refractory prostate cancer and advanced solid tumors [14] [15] [16] . Halichondrin B was isolated from the Japanese sponge Halichondria Okada in 1985 by Uemura et al. [17] . Halichondrin B is a powerful polyether macrolide (see Figure 3 ). Since 1986, halichondrin B and its analogs have been found in several different sponges, but with a very low yield [18] . The National Cancer Institute has been interested in developing halichondrin B for preclinical trials, but has not followed through because harvesting and extraction efforts produced low yields. Halichondrin B has been shown to be a strong anticancer agent [19] especially in the treatment of leukemia and reducing tumors in other cancers including lung, pancreatic, and ovarian cancer. The first synthesis was completed by Namba et al. [20] which eventually led to the discovery of the halichondrin B analog, E7389 [21] . E7389 (Figure 4 ) has been proven to be more stable than halichondrin B and will be discussed next. It is a synthetic analog of halichondrin B and acts as a microtubule modulator [22] . The total synthesis of E7389 has been accomplished and it has strong medicinal properties [23] [24] [25] . In the figures above (1-3) the oxygen and nitrogen atoms are numbered and will be correlated with data presented below. Like many marine natural products, these structures are relatively large and difficult to synthesize and there has been no success in getting marine microbes to synthesize the three natural products in bulk. A key point to recognize is that the iron ion can move to different Fe-O and/or Fe-N bonds in the aqueous phase. By shifting from one Fe-O bond to another Fe-O bond the molecule shifts polarity and geometry. This ability to shift charge and shape allows the iron complex to adapt to different environments in a physiological environment. For example, a complex with a high dipole moment will have a higher solubility in water. If the iron shifts the specific oxygen atoms to which it is bound, the polarity can be lowered and will be more likely to penetrate a nonpolar cell wall. From our past work, we have dubbed this a polarity adaptive molecule. The reason to investigate the binding of these different molecules to iron is because it may enhance their medicinal activity.
Results and Discussion
The aqueous stability factor (ASF, Joules*meters/Debye or Jm/D)) is a term that combines four calculated parameters for the different metallic-marine natural product complexes; complex energy (E), average Fe-O bond length (L), charge (Z, +1, +2, etc.) and the dipole moment (D).
For a molecule to be stable, the calculated magnitude of the energy (E) should be small or negative. For strong Fe-O bonds, a small Fe-O average bond length indicates a great degree of covalency. In narrowing down the number of complexes, compounds with average bond distances of more than 2.7 Å were discarded without considering other parameters and any single bond of more than 2.9 Å was considered to be close to lacking covalency and that complex was also not considered. For a molecule to have good water solubility, a desirable medicinal characteristic, a large dipole moment (D) is desired. Also, larger charges (i.e., +2, +3) would improve water solubility but our mass spectral data (via FT-ICR, TOF-MS) on complexes like Fe-bryostatin-1 and Fe-taxol only suggested the +1 species was present. The smaller the aqueous stability factor, the more likely the complex is to have a physiological solubility and improved stability in vivo.
While the dipole moment is used to calculate the ASF, it is also used to help understand the solubility of the solute in a common solvent (water, methanol, etc.). With the common solvents shown in Table 1 , the dipole moment to volume ratio (D/V) extends from the polar solvent water (.090) to the nonpolar species hexane (0.00). Tables 2-5 provide results from this study for six Fe-O bonds where all six of the oxygen's are part of the marine natural product and Tables 6-9 provide the computational results for complexes with five Fe-O bonds and one Fe-OH 2 bond (see Figure 5 ). The iron still has an octahedral geometry with a hexavalent bonding scheme but experimental work with Fe-taxol and Febryostatin have shown that a water molecule can occupy one of the six coordination sites. The numbers in the first column of Tables 2-9 (i.e., 6, 7, 8, 9, 10, 11) are correlated with the oxygen and/or nitrogen atoms numbered in Figures 1-4 . The average bond distance (column 3) is for the six Fe-O bond lengths that formed the hexavalent complex. Tables 2, 3 , 4, 5, 6 and 7 provide the calculated parameters for the most stable iron-kahalalide F, iron-halichondrin B and iron-discodermolide complexes. Over two-hundred complexes were built and studied for selection into these tables; those selected for these tables had the most stable ASF calculations. In table 2, 3, and 4 iron is taken as a hexavalent central atom with an octahedral geometry and all six oxygen and/or nitrogen atoms (6 Fe-O/Fe-N total) are from the MNP structure. In Tables 5,  6 and 7 iron has the same geometric features but only five of the oxygen's and/or nitrogen's from the MNP are part of complexes inner sphere while the sixth coordination spot on the central atom is occupied by a water molecule (Fe-OH 2 ). Table 2 . The dipole moment (Debye), bond distances (Å), area (Å²), volume (Å³), dipole/volume ratio (D/Å³), molar mass (g/mol), average bond length (Å), energy (joules/mol), and aqueous stability factor (ASF) of ten Discodermolide molecules containing iron. Table 3 . The dipole moment (Debye), bond distances (Å), area (Å²), volume (Å³), dipole/volume ratio (D/Å³), molar mass (g/mol), average bond length (Å), energy (joules), an aqueous stability factor of ten kahalalide F molecules containing iron. Figure 6 shows the correlation between the average bond length (ABL) in the iron-Discodermolide (Fe-Dis) complex and the calculated ASF. While there is not a strong correlation, short Fe-O and Fe-N bonds are critical for a strong metallic complex. These bonds are also dynamic in that the Fe-O and Fe-N bonds are constantly breaking and forming. The fifty most favorable (lowest ASF) complexes are presented in the graph and the individual values for the ten most favorable complexes are given in table 2. Tables two through seven also provide the individual bond distances for the ten most favorable complexes. Figure 6 is indicative of the three complexes regarding the lack of impact of the ABL on the ASF's for the complexes studied here. While the ASF values can vary up to an order of magnitude for the different complexes, the ABL values are typically within 10-15% of each other. Figures 7, 8, 13 , and 14 illustrate the poor correlation between the complexes surface areas and volumes and the ASF for the Fe-Dis and Fe-Dis-H 2 O. Although not presented, other complexes show a similar poor correlation for volumes and surface areas plotted against the ASF. While these graphs indicate no significant impact of the volume or surface area on the ASF, it may play a role in the ASF and the Dipole Moment/Volume (D/V) ratios. Given that any natural product can interact with a protein, DNA, RNA, cell wall, etc., shifts in its geometry should be considered an important parameter in medicinal applications. Although not understood now, correlating these parameters with its medicinal activity as well as side effects may be explained in the future. As the ratio of area to the volume (A/V) approaches one, the ASF gets smaller suggesting a complex with the same surface area and volume would be the ideal candidate for water solubility and stability. While the volumes of the fifty most stable complexes vary by approximately 17 Å 3 , the volumes of the ten most stable complexes vary over a smaller range (5 Å 3 ). Figure 8 indicates a small correlation between the calculated dipole moment of the Fe-Dis complexes and the ASF. This should be expected since increasing the dipole moment increases its water solubility. Figure 9 illustrates a modest correlation between the complexes energy and the ASF. Table 5 provides the ten most favorable complexes for the iron-discodermolide-water (Fe-Dis-H 2 O) compound. Figure 12 provides the correlation between the average bond lengths for 50 of the water containing complexes. The average bond length over all 50 complexes is slightly longer than the average bond length for the 50 complexes with no water (2.17 Å vs. 2.13 Å) and, while there is a general range the general bond distances and ASF fall within, there is no correlation between the two parameters. The average surface area ( Figure 13 55 MJ) indicating that, on average, these complexes are less than when dehydrated. In both groups of complexes the correlation between the energy and the ASF is more significant than most of the other parameters discussed. Table 8 and Figures 18, 19 and 20 provide a summary of the average values given for each set of complexes. Figure 18 is a plot of the average energies for the different complexes verses the aqueous stability constant. Figure 19 shows that the average volumes and average surfaces are all closely correlated in that the ratio (V/A) is slightly less than one for most complexes. The energy does show a strong correlation with the complexes dipole moments for the averages of the six groups of iron complexes (Figure 20) . On the other hand, the correlation between the energy and the D/V ratio drops significantly (see Figure 21) . Overall, the lower energy complex producing a species with a lower dipole moment may not be desirable for medicinal applications. Typically a high dipole moment results in high water stability and low energies means a more stable complex. Reviewing the noncomplexed values (no Fe) in table eight of the three marine natural products shows a lower energy or more stable species-but they also have lower dipole moments and lower D/V ratios than the iron complexes. This lower water solubility justifies the use of iron as a solubility enhancement agent for medicinal applications. 
Materials and Methods
The calculations were performed in Semiempirical (PM3) mode and all Fe-molecule complexes were assigned a charge of +1. The software used in these calculations is the Spartan Linux/cluster version (Wavefunction Inc, Irvine, CA, USA). The SUN Microsystem cluster was the hardware used to calculate the values used in this paper (Tables 1-7) . For each molecule, up to one-hundred different Fe-MNP structures (up to fifty with six bonds to molecule, and up to fifty with five bonds to molecule and one to water) were built and calculated. Because of the sheer quantity of structures this study examined we sought to use semi-empirical, as opposed to ab initio, calculations. A single, high accuracy energy value is not considered important but rather the trends of energy values between different complexes. Likewise, a single conformation was not sought for any complex. Because of the dynamic nature of these structures in a physiological environment, a single conformation was never considered as a viable approach to understand their polarity. A well studied analogy is the MRI contrast reagent Gd-DTPA (Gadolinium(III) -diethylenetriaminepentaacetic acid). The exchange rate of water between the inner and outer sphere of the complex occurs on the order of 10 6 s -1 [26] . This involves water displacing a carboxylate on one of Gd(III)'s eight coordination sites.
Although only projected at this point, all three complexes outlined in this study should be dynamic in both its conformations and how it binds Fe(III) or (II). Conformational energies were evaluated using the Molecular mechanics SYBYL force field. A molecule with a large number of single bonds in its backbone, each having three staggered rotamers, will have a large number of conformations. For example, discodermolide with 15 single bonds ( fig. 1) , can have up to 14,348,907 (3 15 ) conformations. Many of these structures will blend together so the actual number of unique conformations will be significantly lower than this value. Energy minimization was used to find the lowest energy structure, assuming a unique Fe-MNP geometry with a hexavalent, octahedral geometry, for each metal-ligand complex. This low energy structure was then used in the semiempirical calculations.
Molecules with smaller numbers of oxygen and/or nitrogen atoms limited the number of configurations. Of these possible one hundred structures for each iron-MNP complex, the ten most stable were selected for the six Fe-MNP and the ten most stable were selected for the five Fe-MNP; one Fe-OH 2 complexes. Then National Cancer Institutes' Compare program and data (http://dtp.nci.nih.gov/compare/ ) was used to obtain the GI 50 values for halichrodrin.
Conclusions
This computational project is focused on showing that three well known marine natural products are also polarity adaptive molecules [27] [28] [29] . Polarity adaptive molecules are involved in complexes with cations, in this case iron(II), and can shift dipole moments, as well as other parameters (average bond length, area, volume, energy) by shifting which five or six atoms the molecule attaches to iron. Currently we are working on similar calculations with five other molecules (E7389, dolastatin, piperazimycin, hibarimicin, and aplidine). Our ultimate computational exercise will be to attempt to correlate GI 50 (growth inhibition) values taken from the National Cancer Institute's five dose, 60 cell line panel and determine if there is a correlation of those values for the various cell lines and the ASF factor.
In a large molecule, dipole moments can take on a different meaning than with a small species such as water or carbon dioxide. In a past study, our group showed that the polarity of a large molecule should be considered in sections when selecting a solvent [30] . In a large molecule a number of conformations are possible and a cation, such as iron (II) can bind it in a number of ways. What this study shows is that depending on conformation and depending on where the cation binds the species, which is a dynamic process, the individual parameters, such as dipole moment, volume, area, bond lengths, etc. will vary. With the iron added, the distribution of these values varies over a wider range. Typically molecules are thought of having a specific polarity and subsequently a specific solubility in a certain solvent or a specific solubility in a physiological environment. This work is not intended to focus on a specific molecular geometry or dipole moment but to show that these values are distributed over a range of values. This distribution of values is important as the medicinal agent travels through physiological environment and senses environments with different polarities. Figure 22 shows a projected correlation between the log of the calculated ASF values for the Fe-halichondrin B complexes plotted against the Log(GI 50 ) values for halichondrin B verses the National Cancer Institute's (NCI) 60 cell line test(s). The COMPARE program available through NCI's DTP web site was used to download the data. The data sets log(ASF) and log(GI 50 ) were sorted highest to lowest and plotted against each other . The NCI cell line tests represent a range of cancers (CNS, melanoma, prostate, breast, etc.) and different genetic variations within each type of cancer. While the GI 50 values, which are determined experimentally, and the calculated ASF values, cannot be directly correlated at this stage, we would like to offer the following projection and use Figure 22 (H. Morgan, B. Gray, C. Williams), the Center for Applied Research (CAR, L. Wood, C. Richards), Academic Affairs (L. Levy) and the chemistry department (J. Baxter) for their support. We would like to thank SUN Microsystems for a generous academic enrichment grant that allowed us to obtain this computer cluster. We would like to thank Wavefunction, Inc. for providing an academic enrichment grant.
